Fibroproliferative diseases, including the pulmonary fibroses, systemic sclerosis, liver cirrhosis, cardiovascular disease, progressive kidney disease, and macular degeneration, are a leading cause of morbidity and mortality and can affect all tissues and organ systems. Fibrotic tissue remodeling can also influence cancer metastasis and accelerate chronic graft rejection in transplant recipients. Nevertheless, despite its enormous impact on human health, there are currently no approved treatments that directly target the mechanism(s) of fibrosis. The primary goals of this Review series on fibrotic diseases are to discuss some of the major fibroproliferative diseases and to identify the common and unique mechanisms of fibrogenesis that might be exploited in the development of effective antifibrotic therapies.
Introduction
Fibrosis is often defined as a wound-healing response that has gone out of control. Repair of damaged tissues is a fundamental biological process that allows the ordered replacement of dead or damaged cells after injury, a mechanism that is critically important for survival. Damage to tissues can result from various acute or chronic stimuli, including infections, autoimmune reactions, and mechanical injury. The repair process typically involves two distinct stages: a regenerative phase, where injured cells are replaced by cells of the same type, leaving no lasting evidence of damage; and a phase known as fibroplasia, or fibrosis, where connective tissue replaces normal parenchymal tissue. Although initially beneficial, the healing process becomes pathogenic if it continues unchecked, resulting in substantial remodeling of the ECM and formation of permanent scar tissue ( Figure 1 ). In some cases, it might ultimately lead to organ failure and death.
In contrast to acute inflammatory reactions, which are characterized by rapidly resolving vascular changes, edema, and neutrophilic infiltration, pathogenic fibrosis typically results from chronic inflammatory reactions - defined as responses that persist for several weeks or months and in which inflammation, tissue destruction, and repair processes occur simultaneously. Despite having obvious etiological and clinical distinctions, most chronic fibrotic disorders have in common a persistent irritant that sustains the production of growth factors, proteolytic enzymes, angiogenic factors, and fibrogenic cytokines, which together stimulate the deposition of connective tissue elements that progressively remodel and destroy normal tissue architecture (1, 2) .
When injuries occur, damaged epithelial and/or endothelial cells release inflammatory mediators that initiate an antifibrinolyticcoagulation cascade (3) , which triggers formation of both blood clots and a provisional ECM (Figure 1 ). Platelets are exposed to ECM components, triggering aggregation, clot formation, and hemostasis. Next, platelet degranulation promotes vasodilation and increased blood vessel permeability, while stimulated myofibroblasts (collagen-secreting a-SMA + fibroblasts) and epithelial and/or endothelial cells produce MMPs, which disrupt the basement membrane, allowing the efficient recruitment of inflammatory cells to the site of injury. Epithelial and endothelial cells also secrete growth factors, cytokines, and chemokines, which stimulate the proliferation and recruitment of leukocytes across the provisional ECM. Neutrophils are the most abundant inflammatory cell at the early stages of wound healing. When they degranulate and die, macrophages are recruited. During this initial leukocyte migration phase, the activated macrophages and neutrophils eliminate tissue debris, dead cells, and any invading organisms. They also produce cytokines and chemokines, which amplify the wound-healing response. These factors are also mitogenic and chemotactic for endothelial cells, which surround the injury and form new blood vessels as they migrate toward its center. Subsequently, T cells become activated and secrete profibrotic cytokines such as IL-13 and TGF-b (4, 5), which in turn further activate the macrophages and fibroblasts. Activated fibroblasts transform into a-SMA-expressing myofibroblasts as they migrate along the fibrin lattice into the wound. Myofibroblasts are derived from local mesenchymal cells or recruited from the bone marrow (where they are known as fibrocytes) (Figure 1 ). Epithelial cells can also undergo epithelial-mesenchymal transition (EMT), providing a rich renewable source of myofibroblasts (6) . Following activation, myofibroblasts promote wound contraction, the process in which the edges of the wound migrate toward the center. Finally, epithelial and/or endothelial cells divide and migrate over the basal layers to regenerate the damaged tissue, which completes the normal healing process. However, when repeated injury occurs, chronic inflammation and repair cause an excessive accumulation of ECM components (such as hyaluronic acid, fibronectin, proteoglycans, and interstitial collagens), which contribute to the formation of a permanent fibrotic scar.
The net amount of collagen deposited by fibroblasts is regulated continuously by collagen synthesis and collagen catabolism. The turnover of collagen and other ECM proteins is controlled by various MMPs and their inhibitors (tissue inhibitors of metalloproteinases [TIMPs]), which are produced by granulocytes, macrophages, epidermal cells, and myofibroblasts. Shifts in these opposing mechanisms (synthesis versus catabolism) regulate the net increase or decrease of collagen within a wound (7) . The expanding pool of mesenchymal cells further exacerbates the response. In the remodeling phase, the synthesis of new collagen by fibroblasts exceeds the rate at which it is degraded such that the total amount of collagen continues to increase. Although inflammation typically precedes fibrosis, results from experimental models of this process have demonstrated that fibrosis is not necessarily driven by inflammation at all times, suggesting that the mechanisms that regulate fibrogenesis are, to a certain extent, distinct from those regulating inflammation (8) . This might explain the general lack of efficacy of antiinflammatory mediators in the treatment of fibrotic disease and the need to identify targeted antifibrotic therapies.
The spectrum of diseases that result from chronic tissue damage or out-of-control wound-healing responses are too numerous to list. However, the goal of this Review series on fibrotic diseases is to highlight some of the major fibrotic diseases and to identify common and unique mechanisms of fibrogenesis in the various organ systems affected by these diseases.
Figure 1
Outcomes of wound healing: tissue regeneration or fibrosis. Following tissue injury, epithelial and/or endothelial cells release inflammatory mediators that initiate an antifibrinolytic-coagulation cascade, which triggers blood clot formation. This is followed by an inflammatory and proliferative phase, when leukocytes are recruited and then activated and induced to proliferate by chemokines and growth factors. The activated leukocytes secrete profibrotic cytokines such as IL-13 and TGF-b. Stimulated epithelial cells, endothelial cells, and myofibroblasts also produce MMPs, which disrupt the basement membrane, and additional cytokines and chemokines that recruit and activate neutrophils, macrophages, T cells, B cells, and eosinophils, important components of reparative tissue. The activated macrophages and neutrophils clean up tissue debris, dead cells, and invading organisms. Shortly after the initial inflammatory phase, myofibroblasts produce ECM components, and endothelial cells form new blood vessels. The myofibroblasts can be derived from local mesenchymal cells, recruited from the bone marrow (where they are known as fibrocytes), or derived by EMT. In the subsequent remodeling and maturation phase, the activated myofibroblasts stimulate wound contraction. Collagen fibers also become more organized, blood vessels are restored to normal, scar tissue is eliminated, and epithelial and/or endothelial cells divide and migrate over the basal layers to regenerate the epithelium or endothelium, respectively, restoring the damaged tissue to its normal appearance. However, in the case of chronic wounds, the normal healing process is disrupted. Persistent inflammation, tissue necrosis, and infection lead to chronic myofibroblast activation and excessive accumulation of ECM components, which promotes the formation of a permanent fibrotic scar.
The role of chronic infections and innate immunity
The Review series begins with an article by Alessia Meneghin and Cory Hogaboam on the role of the innate immune system in the regulation of fibrosis induced following infection (9) . They suggest that many fibrotic disorders have an infectious etiology, with bacteria, viruses, fungi, and multicellular parasites driving chronic inflammation and the development of fibrosis. Persistent infection with these organisms triggers marked alterations in the activation status of myofibroblasts and M2 macrophages (also known as alternatively activated macrophages), key cells involved in the remodeling process (8) . They argue that constant exposure of fibroblasts and other structural cells to conserved pathogen-associated molecular patterns (PAMPs) maintains the cells at a heightened state of activation. PAMPs are pathogen byproducts such as lipoproteins, bacterial DNA, and double-stranded RNA, which are recognized by pattern recognition receptors (PRRs) expressed on a wide variety of cells (10) . The interaction between PAMPs and PRRs serves as a first line of defense during infection and activates numerous proinflammatory cytokine and chemokine pathways. Therefore, when infections become chronic, persistent production of PAMPs provides a constant driving force to activate the innate immune system. Because fibroblasts express PRRs (such as TLRs), Meneghin and Hogaboam propose the intriguing theory that TLR ligands are directly stimulating the differentiation of fibroblasts into activated myofibroblasts. Th2 cytokines can also augment the response by upregulating TLR9 expression on fibroblasts, which secrete the profibrotic chemokine CC chemokine ligand 2 (CCL2) when stimulated with TLR9 ligands (11) . Therefore, they suggest that inhibiting pathogen-mediated fibroblast activation might represent a viable approach for antifibrotic therapy.
Myofibroblasts
Origins of the myofibroblast. The origins of the myofibroblast are discussed in many of the articles in this Review series. Although it was originally thought that activated local tissue fibroblasts were the primary producers of ECM components following injury (3), it is now widely believed that myofibroblasts are derived from at least two additional sources (6) . In addition to resident mesenchymal fibroblasts, myofibroblasts can be derived from epithelial cells in a process known as EMT (12), and Bucala and colleagues have identified a unique circulating fibroblast-like cell that is derived from bone marrow stem cells (13) . These blood-borne mesenchymal progenitors have a fibroblast- and/or myofibroblast-like phenotype (that is, they express CD34, CD45, and type I collagen) and were termed fibrocytes. Furthermore, in some tissues, resident fibroblasts are not the only source of myofibroblasts. For example, as discussed in the Review by John Iredale, it is thought that in liver fibrosis resident hepatic stellate cells (HSCs) are one of the main sources of myofibroblasts (14) .
Because fibrocytes can extravasate into tissues and participate with resident mesenchymal cells in the reparative process, there has been growing interest in dissecting the role of fibrocytes in various fibroproliferative diseases (15) . In their Review, Robert Strieter and colleagues provide a comprehensive overview of the role of fibrocytes in experimental models of pulmonary fibrosis and discuss their potential contribution to the development of idiopathic pulmonary fibrosis (IPF) in humans (16) . Much of their recent work has focused on the role of the CXC chemokine receptor family in promoting the trafficking of various leukocytes, including the circulating fibrocyte, to sites of injury. In mice, CXC chemokine receptor 4 (CXCR4), CC chemokine receptor 7 (CCR7), and CCR2 seem to mediate recruitment of fibrocytes to the injured lung (15, 17) . Because fibrocytes produce various factors that are involved in mediating fibroproliferation (6) , interrupting critical chemokine signaling pathways could impact the pathogenesis of pulmonary fibroproliferative disorders by reducing fibrocyte recruitment. As such, Strieter and colleagues argue that a more detailed understanding of the mechanisms regulating fibrocyte differentiation, recruitment, and activation is needed. We also need to better understand the individual roles of fibrocytes, myofibroblasts derived by EMT, and resident mesenchymal cells in the fibrotic process, as it seems likely that all three populations are involved. Therefore, targeting fibrocytes alone might not be sufficient for all types of fibroproliferative diseases.
Paracrine and autocrine mechanisms regulate myofibroblast activation. In their Review, John Varga and David Abraham discuss how fibroblasts explanted from lesional skin or the fibrotic lungs of patients with systemic sclerosis (SSc) have a constitutively activated myofibroblast-like phenotype (18) . This SSc phenotype is characterized by enhanced ECM synthesis, constitutive secretion of cytokines and chemokines, and increased expression of cell surface receptors (19, 20) . Because most of the characteristics of fibroblasts from patients with SSc are reproduced in normal fibroblasts following stimulation with TGF-b, it was suggested that the SSc fibroblast phenotype is due to autocrine TGF-b signaling. However, TGF-b/ SMAD3-independent mechanisms have also been proposed (21, 22) . Recent evidence suggests that epigenetic changes in SSc fibroblasts might also be contributing to their persistent activation (23) . Although the etiology of SSc is unknown, viral infections have been implicated, with human CMV infections driving the production of autoantibodies and connective tissue growth factor (CTGF), both of which can promote fibroblast activation (20, 24) . B cells might also be involved, either by producing autoantibodies or by secreting IL-6, a known fibroblast growth factor (25) . Still other studies have argued that Th2 cytokines are involved (26) . Therefore, paracrine signals derived from activated lymphocytes, as well as autocrine mechanisms in fibroblasts, might be cooperating to promote and maintain the SSc fibroblast phenotype. Because inappropriate fibroblast activation is the central pathogenic mechanism in many fibrotic disorders, including SSc (8, 20) , Varga and Abraham emphasize that to identify novel therapeutic targets, we need to better understand the mechanisms that govern mesenchymal cell transformation into activated myofibroblasts (18) .
The role of ANG II and TGF-b1
As discussed in the Review by Bradford Berk and colleagues, a role for TGF-b has also been observed in ECM remodeling in hypertensive heart disease (27) . They discuss how sustained hypertension causes structural and functional alterations in the heart, which lead to progressive diastolic and systolic dysfunction. They argue that ANG II, produced locally by activated macrophages and myofibroblasts, upregulates the expression of TGF-b1, which drives perivascular fibrosis and scarring in the heart.
Berk and colleagues also discuss how structural changes in the ECM affect cell signaling, particularly in myocytes, leading to left ventricular hypertrophy and dysfunction. Although all major components of the renin-angiotensin-aldosterone system can exhibit profibrotic activity, ANG II seems to be the dominant hormone responsible for cardiac fibrosis in hypertensive heart disease (28). ANG II exerts its effects directly by stimulating TGF-b1 production and by triggering fibroblast proliferation and differentiation into collagen-secreting myofibroblasts (29) . In addition to its effects on TGF-b1 secretion and activation, ANG II directly enhances TGF-b1 signaling by increasing SMAD2 levels and augmenting nuclear translocation of phosphorylated SMAD3. TGF-b1 can, in turn, further augment the production of interstitial collagens, fibronectin, and proteoglycans by cardiac myofibroblasts (1). TGF-b1 also triggers its own production by myofibroblasts, thereby establishing an autocrine cycle of myofibroblast differentiation and activation. Overexpression of TGF-b1 in transgenic mice results in cardiac hypertrophy characterized by both interstitial fibrosis and hypertrophic growth of cardiac myocytes (30) . Patients suffering from idiopathic hypertrophic cardiomyopathy and dilated cardiomyopathy also have increased levels of TGF-b1 in the left ventricular myocardium (31) . Therefore, therapies that target the renin-angiotensin-aldosterone system or TGF-b1 pathways might provide effective strategies to slow the progression of fibrosis in hypertensive heart disease.
ECM remodeling and reversibility of intractable fibrosis
In addition to outlining the contribution of HSCs to the myofibroblast population in liver fibrosis, Iredale discusses the emerging paradigm that fibrosis is a reversible process (14) . Liver fibrosis and end-stage cirrhosis are the key pathological features of many chronic liver diseases (32, 33) . Hepatic fibrosis can lead to portal hypertension and liver failure and is associated with an increased risk of liver cancer (34) . Although liver fibrosis was at one time considered a progressive and irreversible disease, data from animal models and human studies have begun to challenge the dogma that fibrosis is irreversible (35) . Successful elimination of HBV and HCV in chronically infected individuals is often associated with marked regression of fibrosis, providing evidence that human liver fibrosis is at least partially reversible (35) . Similar observations have also been reported in patients with schistosomiasis following treatment with praziquantel, which eliminates the causative pathogen - a Schistosoma spp. (36) . However, it remains controversial whether advanced fibrosis can be reversed to the level where normal liver architecture is restored. There is substantial experimental evidence that if cirrhosis is sufficiently advanced, reversal is no longer possible. In his Review, Iredale discusses in detail how liver fibrosis is regulated by dynamic interactions between MMPs and their inhibitors, the TIMPs. Fibrosis occurs when the balance between TIMPs and MMPs tips in favor of TIMPs, whereas resolution is associated with reduced TIMP expression. Interestingly, because advanced fibrosis is relatively hypocellular, it has been suggested that incomplete ECM degradation (that is, irreversible fibrosis) develops when the appropriate cellular mediators (the source of MMPs) are no longer present (37) . This suggests that ongoing inflammation might be required for the successful resolution of fibrosis. Not surprisingly, the identity and source of key MMPs that mediate the resolution of fibrosis are being intensively investigated. Recent studies have demonstrated that macrophage depletion at the onset of fibrosis resolution can retard ECM degradation and the loss of activated HSCs (38) . This suggests that macrophages might be essential for initiating ECM degradation, perhaps by producing specific MMPs. Therefore, it might be possible to identify specific mechanisms or pathways that can be exploited to reverse what was once thought to be intractable scarring.
Antifibrotic strategies discussed in this Review series
Various antiinflammatory/immunosuppressive/cytotoxic drugs (including colchicine, azathioprine, cyclophosphamide, prednisone, thalidomide, pentoxifylline, and theophylline) TGF-b signaling modifiers (including relaxin, SMAD7, HGF, and BMP7, as well as TGF-b1, TGFbRI, TGFbRII, EGR-1, and CTGF inhibitors) Cytokine and cytokine receptor antagonists (inhibitors of IL-1b, IL-5, IL-6, IL-13, IL-21, IL-4R, IL-13Ra1, GM-CSF, TNF-a, oncostatin M, WISP-1, and PDGFs) Cytokines and chemokines (IFN-g, IFN-a/b, IL-12, IL-10 
A link between angiogenesis and fibrogenesis
The Reviews by Strieter and colleagues, Varga and Abraham, and Martin Friedlander describe the important connections between angiogenesis, vascular remodeling, and fibrosis (16, 18, 39) . The balance between proangiogenic and antiangiogenic factors regulates vascular remodeling in various fibrotic diseases, including pulmonary fibrosis, SSc, and many fibrotic diseases of the eye (20, 40) . In addition to fibroproliferation and deposition of ECM components, the pathogenesis of IPF, which ultimately leads to endstage lung fibrosis, is characterized by substantial vascular remodeling. Nevertheless, few studies have considered the important contribution of vascular remodeling to the progression of fibrosis in the lung. Strieter and colleagues discuss how distinct members of the CXC chemokine family can exhibit either angiogenic or angiostatic activity and relate this information to the progression of pulmonary fibrosis (16) . They maintain that vascular remodeling is critically connected to the mechanisms of tissue fibrogenesis and that targeting the CXC chemokine family might offer a unique approach to treat fibrotic disease in general.
As discussed in the Review by Varga and Abraham, vascular injury and damage are also a prominent and early manifestation of SSc (18) . Patients with SSc are commonly classified into two distinct subsets on the basis of the pattern of skin involvement. Diffuse cutaneous SSc is characterized by rapidly progressive fibrosis of the skin and lungs, whereas limited cutaneous SSc is dominated by vascular manifestations, with minimal fibrosis of the skin and internal organs. The loss of microvasculature in SSc is associated with substantial tissue hypoxia, which induces the expression of VEGF and its receptors (41) . Nevertheless, despite developing a strong angiogenic environment, SSc is associated with impaired angiogenesis and progressive disappearance of blood vessels (20) . Varga and Abraham discuss this apparent paradox and suggest that reduced numbers of circulating bone marrow-derived CD34 + endothelial progenitor cells, as well as their impaired differentiation into mature endothelial cells, might be contributing to the vascular defects, as was recently demonstrated in a study by Del Papa et al. (42) . Whether the reduction in circulating endothelial progenitor cells in SSc is due to their depletion in the bone marrow, destruction in the periphery, or some other mechanism, however, remains unresolved.
The final article in this series, by Friedlander, highlights the important role of vascular remodeling in the development of various fibrotic eye diseases (39) . The end result of many eye diseases is fibrosis or scar formation, which can ultimately impair vision. For example, certain viral and parasitic infections can result in fibrosis and opacification of the cornea and uncontrolled vascular proliferation in the eye resulting from diabetes-associated retinal hypoxia can lead to fibrosis and traction retinal detachments, a serious complication of advanced diabetic retinopathy (43) . Under the retina, similar fibrovascular scarring can occur subsequent to subretinal hemorrhage that is associated with neovascular agerelated macular degeneration (ARMD) (44) . Collectively, these conditions of fibrosis in the eye lead to vision loss in millions of people worldwide. In his Review, Friedlander discusses the cellular pathophysiology associated with fibrosis in the anterior (cornea and trabecular meshwork) and posterior segments (retina and vitreous) of the eye. The final common pathway for many of these diseases is injury resulting in inflammatory changes, tissue edema, hypoxia-driven neovascularization, and ultimately fibrosis. Once new blood vessels begin to grow in the eye, they are prone to rupture, leading to further activation of wound-healing responses and ultimately the development of severe fibrosis. Therefore, prevention of the primary vascular abnormality has been the most promising therapeutic strategy for the treatment of these fibrotic diseases of the eye.
Human embryonic stem cell-based therapies for fibrosis As discussed above, current approaches aimed at treating ARMD and other diseases of the eye are primarily directed at inhibiting promoters of angiogenesis, such as VEGF, cytokines, specific MMPs, and adhesion molecules (integrins) (44) . Unfortunately, pharmacological interventions are typically initiated at an advanced stage of disease and do not target the underlying pathophysiology; therefore, they often fail to substantially impact disease progression. A more successful therapeutic approach would involve replacing damaged cells or restoring homeostasis to the areas that underlie the fibrotic response (45) . In his Review, Friedlander describes how cell-based therapies using adult bone marrow-derived progenitor/ stem cell technologies might be used to treat currently incurable fibrovascular diseases of the eye, such as ARMD. Similar stem cell therapies have already proven successful at restoring cardiac function in injured hearts (46) ; therefore, they might ultimately prove successful for a wide variety of fibroproliferative diseases.
The challenge ahead: clinical trial design and endpoints
Although a great deal of work is still needed to fully understand the mechanisms of fibrogenesis, a substantial amount of progress has been made over the past few years. The work of my own laboratory has focused on the mechanisms regulating liver fibrosis following infection with the helminth parasite Schistosoma mansoni. In this work, the Th2 cytokine IL-13 was identified as a dominant mediator of fibrosis (47) , and more recently, an important antifibrotic role for the IL-13 decoy receptor, IL-13Ra2, was described (48) . We have also shown that an IL-13 inhibitor can be used to completely halt the progression of fibrosis, despite ongoing infection (49) . Interestingly, IL-13 antagonism had little impact on the inflammatory response, at least at the early stages of the disease (47, 49) . Therefore, it seems that successful antifibrotic therapy does not necessarily depend on inhibiting inflammation or removing the etiologic agent. These data suggest that it might be possible to develop therapeutics that directly target the fibrotic machinery. As illustrated in many of the articles in this Review series, there is a growing list of novel mediators and pathways, in addition to IL-13 that could be developed as antifibrotic treatments. These include chemokine and TLR antagonists, angiogenesis inhibitors, antihypertensive drugs, TGF-b-signaling modifiers, B cell-depleting antibodies, and stem/progenitor cell transplantation technologies (see "Antifibrotic strategies discussed in this Review series"). As there are many potential targets and strategies, what we need now is a coherent plan for translating the available experimental information into clinical practice. However, there are many difficult challenges ahead that must be overcome before any treatment reaches the clinic. The most difficult obstacle will be to design effective clinical trials with well defined clinical endpoints. Because fibrosis typically progresses slowly in most diseases, clinical trials could be long and expensive. Therefore, there is a desperate need to develop noninvasive methods, such as serum markers or improved imaging techniques, to quickly quantify changes in the natural history of a disease. Nearly 45% of all deaths in the developed world are attributed to some type of chronic fibropro-liferative disease. Therefore, the demand for antifibrotic drugs that are both safe and effective is likely to be enormous, so it is hoped that researchers, funding agencies, and the pharmaceutical industry will continue to accelerate their efforts to identify and develop effective antifibrotic therapies.
